The p53 protein integrates multiple upstream signals and functions as a tumor suppressor by activating distinct downstream genes 1-3 . At the cellular level, p53 induces apoptosis, cell cycle arrest and senescence. A rare mutant form of p53 with the amino acid substitution R175P, found in human tumors, is completely defective in initiating apoptosis but still induces cell cycle arrest 4,5 . To decipher the functional importance of these pathways in spontaneous tumorigenesis, we used homologous recombination to generate mice with mutant p53-R172P (the mouse equivalent of R175P in humans). Mice inheriting two copies of this mutation (Trp53 515C/515C ) escape the early onset of thymic lymphomas that characterize Trp53-null mice. At 7 months of age, 90% of Trp53-null mice had died, but 85% of Trp53 515C/515C mice were alive and tumor-free, indicating that p53-dependent apoptosis was not required for suppression of early onset of spontaneous tumors. The lymphomas and sarcomas that eventually developed in Trp53 515C/515C mice retained a diploid chromosome number, in sharp contrast to aneuploidy observed in tumors and cells from Trp53-null mice. The ability of mutant p53-R172P to induce a partial cell cycle arrest and retain chromosome stability are crucial for suppression of early onset tumorigenesis.
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extent of cell cycle arrest was less than that in wild-type cells. Notably, endogenous p53-R172P was more abundant after γ-radiation, like wild-type p53, whereas the level of another p53 mutant protein, p53-R172H, did not change ( Fig. 2b and data not shown). p53-R172P weakly induced Cdkn1a (encoding p21), a crucial target of p53 in cell cycle control 7 (Fig. 2b) . Thus, endogenous p53-R172P retained partial cell cycle checkpoint function in response to DNA damage by γ-radiation.
To determine whether the p53-R172P mutant was defective in causing apoptosis, we used the adenovirus E1A oncoprotein to sensitize MEFs to p53-dependent apoptosis 8 . MEFs infected with a retrovirus expressing E1A were exposed to adriamycin or deprived of serum, conditions known to trigger p53-dependent apoptosis 9 . In contrast to wild-type MEFs, both Trp53 515C/515C and Trp53-null MEFs were equally resistant to apoptosis (Fig. 3a-c) . These data indicate that the p53-R172P mutant did not induce apoptosis. To confirm this finding, we measured apoptosis in freshly isolated thymocytes after γ-radiation 10, 11 . Wild-type thymocytes were highly sensitive to γ-radiation, whereas Trp53 515C/515C and Trp53 -/-thymocytes were equally insensitive (Fig. 3d) . Heterozygous Trp53 +/515C thymocytes had an intermediate response. All thymocytes were sensitive to p53-independent apoptosis induced by dexamethasone (Fig. 3e) , indicating that the Trp53 515C/515C thymocytes had a specific apoptotic defect only in the p53-dependent DNA damage-response pathway. To further confirm that Trp53 515C/515C mutants were unable to induce apoptosis in vivo, we irradiated 13.5-day-old embryos and analyzed p53-dependent apoptosis in the central nervous system. As expected, apoptosis was widespread in wild-type embryos but was not detected in the Trp53-null embryos 12 or in Trp53 515C/515C mutants (Fig. 3f) . Therefore, the p53-R172P mutant did not induce p53-dependent apoptosis in response to DNA damage or oncogenic signaling.
Trp53-null mice succumb to early tumorigenesis, predominantly thymic lymphomas 13, 14 . To determine whether the p53-
64
VOLUME (C/C) MEFs and MEFs with two copies of mutant p53-R172H (R172H) were treated with 6 Gy of γ-radiation and subjected to western-blot analysis using antibodies to p53, p21 and β-actin. R172P mutant was able to suppress spontaneous tumorigenesis, we monitored tumor development in a cohort of Trp53 515C/515C , Trp53-null and wild-type mice. Trp53 515C/515C mice had substantially delayed tumor onset (Fig. 4a) , and 39 of 40 mice remained tumor-free for 5 months. By 7 months of age, 90% of Trp53 -/-mice had succumbed to tumors, whereas 85% of Trp53 515C/515C mice were still alive and tumor-free, clearly showing that the defect in Trp53 515C/515C mice is not equivalent to loss of Trp53 in terms of tumorigenesis and survival. Tumors that arose inTrp53 515C/515C mice between 7 and 13 months of age were composed of lymphomas and sarcomas ( Fig. 4b-f) . Eight of twenty-one mice (38%) had highly disseminated lymphomas, only two of which were T-cell lymphomas. Most lymphomas were manifested in spleen and lymph nodes, and some stained positive for both CD4 and B-cell markers (Fig. 4h) , suggesting that they arose from an early progenitor or histocytic cell. This was underscored by the high-grade histological analysis of these lymphomas. In sharp contrast, most tumors (75%) in Trp53-null mice were thymic lymphomas that stained positive for both CD4 and CD8 (data not shown and ref.
15). Nine of twenty-one (43%)
Trp53 515C/515C mice had different types of high-grade sarcomas, including osteosarcomas (two), angiosarcomas (five) and rhabdomyosarcomas (two). Tumors were absent in two mice, and two moribund mice showed only atypical hyperplasia (Fig. 4g) . We observed atypical hyperplasia in the spleen in almost all Trp53 515C/515C mice with sarcomas. Two normal-looking Trp53 515C/515C mice killed at 2 and 8 months of age also had atypical hyperplasia in the spleen. These data suggested that the early-onset tumors in Trp53-null mice and late-onset tumors in Trp53 515C/515C mice arose through different mechanisms.
The rate of spontaneous apoptosis in both Trp53-null and Trp53 515C/515C lymphomas was extremely low (1.32 ± 0.6 and 0.18 ± 0.04 percent apoptotic cells, respectively). Therefore, apoptosis cannot account for the prolonged latency of tumorigenesis inTrp53 515C/515C mice. Trp53-null cells or tumors are aneuploid [16] [17] [18] [19] , and we postulated that the genomes of Trp53 515C/515C tumors were more stable owing to their longer latency. Consistent with this hypothesis, eight of eight lymphomas (two of which were T-cell lymphomas) in Trp53 515C/515C mice had either a diploid (six of eight) or tetraploid DNA content (two of eight; Fig. 4i and Table 1 ). On the other hand, all five Trp53-null lymphomas showed pronounced aneuploidy (Fig. 4i) . Karyotype analysis of metaphase spreads from two Trp53 515C/515C tumors confirmed the presence of 40 chromosomes without overt abnormalities (Fig.  4j) . Notably, in some Trp53 515C/-mice, tumors that developed early (at 5-7 months) were aneuploid whereas the two tumors that developed late (at 10 and 10.5 months) were diploid ( Table 1) . These data suggest a direct relationship between suppression of genome stability and onset of lymphomagenesis. One of the mechanisms by which p53 suppresses aneuploidy is through proper control of centrosome duplication 20 . Trp53-null cells show centrosome hyperamplification, leading to multiple spindle poles and mis-segregation of chromosomes. We analyzed centrosome number in MEFs with an antibody to γ-tubulin. Similar to wild-type cells, 85% of Trp53 515C/515C MEFs in mitosis contained two centrosomes, whereas almost half of Trp53-null MEFs had more than three centrosomes (Fig. 5a,b) . Karyotyping indicated that Trp53 515C/515C MEFs had substantially less variation in their chromosome number, most being 2N, 4N or 8N, than did Trp53-null cells (Fig. 5c,d) . Most Trp53-null cells had extensive aneuploidy and considerably more chromosome abnormalities, including chromosome breaks and fragments, than did Trp53 515C/515C cells (Fig. 5c,e) . These results suggested that the p53-R172P protein is capable of suppressing genomic instability, especially chromosome gains and losses.
To distinguish between the roles of p53 in apoptosis and cell cycle arrest and in spontaneous tumorigenesis in vivo, we generated mice with a unique missense mutation in p53 (p53-R172P). Mice lacking Trp53 are susceptible to thymic lymphomas and sarcomas beginning at 3 months of age 13, 14 . The thymocyte is the primary cell type prone to tumorigenesis in Trp53-null mice, and it is extremely sensitive to p53-dependent apoptosis after genotoxic stress 10, 11 . The delay in tumorigenesis in Trp53 515C/515C homozygous mice is strong evidence that p53-dependent apoptosis is not the sole determinant of tumor suppression.
Genomic instability promotes tumorigenesis in multiple settings [21] [22] [23] . Aneuploidy is prominent in Trp53-null thymic lymphomas and MEFs. Therefore, the propensity for genomic instability, especially aneuploidy, may be an important determinant for selection of oncogenic events in Trp53-null mice. Our studies indirectly suggest that the p53-dependent cell cycle checkpoint and ensuing genomic stability may have a role in delaying spontaneous tumorigenesis. Notably, the p53-R172P protein is able to efficiently suppress centrosome hyperamplification and chromosome gains and losses. Wildtype p53 suppresses centrosome abnormalities by inducing Cdkn1a and by a transcriptionally independent mechanism 24 . The p53-R172P protein, albeit at higher basal levels than normal, is capable of activating Cdkn1a. Therefore, the p53-dependent cell cycle checkpoint and the control of genomic stability might be linked. Genome stability may account for the delay in tumorigenesis in conversion of atypical hyperplasia seen in Trp53 515C/515C mice at 2 months of age to pathologically confirmed tumors at 5-12 months. With time, owing to either lack of apoptosis or an incomplete cell cycle checkpoint in Trp53 515C/515C cells, rare clones harboring oncogenic events may evolve, perhaps through other forms of genomic instability, such as translocations or gene amplification, that contribute to late tumorigenesis.
p53-dependent apoptosis is extremely important in controlling tumor progression in different models 25, 26 . In our model, spontaneous tumorigenesis is assayed without a predisposing oncogenic mutation to examine the role of p53 in maintaining genomic stability. The late tumors that arose in Trp53 515C/515C mice seemed very aggressive and fast-growing, consistent with the notion that once an appropriate oncogenic mutation occurs, tumor growth is greatly enhanced by deficiency in apoptosis. Therefore, although they suggest the importance of p53-dependent cell cycle checkpoint and genome stability in spontaneous tumor suppression, our data do not detract from the role of apoptosis in tumor progression. These results support a multiple-step tumor-suppression mechanism used by p53 and help to explain a strong selection in human tumors for mutation of TP53 that cause deficiencies in cell cycle checkpoint control, genomic stability and induction of apoptosis 1,2 . Thus, p53 may serve as both a gatekeeper 2 through its apoptotic function and a caretaker 27 by maintaining genomic stability.
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Generation of Trp53 515C/515C mice. We cloned a PGK-neo r cassette flanked by two loxP sequences into the second AccI site of intron 4 of a Trp53 genomic fragment 28 . We generated the R172P substitution (CGC to CCC) at nucleotide 515 (taking the A in the first ATG as nucleotide number 1) in exon 5 of Trp53 by site-directed mutagenesis. We crossed mice with germline transmission of the targeted allele to CMV-cre transgenic mice 29 to effect germline deletion of the PGK-neo r cassette. We crossed the resulting mice with C57BL/6 mice to generate Trp53 515C/515C mice. Primer sequences for genotyping by PCR are available on request.
Cell cycle analysis. We generated MEFs from 13.5-day-old embryos. For BrdU labeling experiments, we plated 5-7 × 10 5 MEFs in 10-cm plates 1 d before γ-radiation. We exposed cells to γ-radiation using a 137 Cs source. Fourteen hours after treatment, we added BrdU to the medium at a final concentration of 10 µM for 4 h. We fixed cells in 70% ethanol and stored them at -20 °C. We treated fixed cells with 0.04% pepsin and 2 N HCl sequentially and then neutralized them with 0.1 M sodium borate. Finally, we doubly stained cells with antibody to BrdU conjugated to fluorescein isothiocyanate (FITC) and with propidium iodide (5 µg ml -1 ; Becton Dickinson) and subjected them to flow cytometric analysis.
Retroviral infection and apoptosis assays.
We transfected phoenix packaging cells (P. Nolan; Stanford University School of Medicine) with either PWZL-hygro or PWZL-E1A12S (gifts from S. Lowe; Cold Spring Harbor Laboratory) 9 . After 48 h, we used the supernatants to infect MEFs in the presence of 8 µg ml -1 polybrene (Sigma) twice at 12-h intervals. We added hygromycin (75 µg ml -1 ; Roche) 24 h later. After 2-4 d of selection, we replated MEFs for apoptosis assays. We treated MEFs with 0.2 µg ml -1 adriamycin (Sigma) or 0.1% fetal bovine serum for 24 and 48 h. Cells in duplicate plates were trypsinized and pooled with floating cells. We measured apoptosis using the annexin-V assay (Clontech) with fluorescence-activated cell sorting (FACS) analysis or a trypan blue exclusion assay (a minimum of 200 cells were counted). Freshly isolated thymocytes from 1-month-old to 2-month-old mice were immediately treated with either γ-radiation or dexamethasone (Sigma). We carried out an annexin-V assay 16 h later. We normalized the survival rates of the cells after γ-radiation to survival rates for the same cell line without treatment.
For the in vivo apoptosis assay, we treated pregnant females at 13.5 days post-coitus with 5 Gy γ-radiation and killed them 5 h later to collect embryos. Embryonic heads were fixed in phosphate-buffered formalin for 24 h. They were then processed, embedded and sectioned. We carried out TUNEL analysis on the slides using a modified protocol for the TdT FRAGEL kit from Oncogene Research. We fixed freshly isolated lymphoma cells from two Trp53-null mice and two Trp53 515C/515C mice in 70% ethanol and measured spontaneous apoptosis by the sub-G1 fraction in a FACS analysis.
Western-blot analysis. We resuspended frozen MEF pellets in lysis buffer 30 on ice for 1 h. We loaded 40 µg of protein on a 10% polyacrylamide gel. After transfer, we incubated the membranes with antibodies for p53 (CM5, Novocastra), p21 (C19, Santa Cruz) and β-actin (Sigma). We used antibody to rabbit conjugated to horseradish peroxidase (Amersham) and detected signals with an electrochemiluminescence kit (Amersham).
Tumorigenesis. The background of the Trp53 515C/515C and Trp53 -/-mice 14 was predominantly C57BL/6 with some 129Sv. To detect the ploidy of lymphomas, we separated tumor cells and fixed them with 70% ethanol. After staining them with propidium iodide (Sigma), we subjected the cells to FACS analysis. For cell surface marker analysis, we labeled lymphocytes with CD4-FITC, CD8-phycoerythrin or IgM-FITC and B220-phycoerythrin (Becton Dickson) and subjected them to flow cytometric analysis.
Centrosome staining and chromosome analysis. We plated MEFs on coverslips and stained them with an antibody to γ-tubulin (Sigma) and secondary antibody conjugated to FITC as described 24 . We identified mitotic cells by DAPI staining. We counted the number of centrosomes in at least 50 cells in mitosis for each genotype under an epifluorescence microscope (Leika). We made chromosome preparations from the MEFs and freshly isolated lymphoma cells by the routine air-dried technique. We coded the slides for blind analysis, stained them with Giemsa for the analysis of chromosomal abnormalities and later decoded them to evaluate results. 
